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3. Abstract

The goal of this project is to demonstrate novel laser generated ultrasonic inspection techniques to
measure accurately the velocity of surface acoustic waves (VsAvJ) in engineering cOdCS  and coatings.
All acoustic wave velocities are affected by the state of stress in the material they propagate. High
ilequency SAWS are confined to near to surfkce regions and are affixted by surface stresses and defects
which, in these materials tend to lie within the first 10prn.  The project demonstrated the change in VSAW
with stress in typical industrial materials and &mponents and showed that this method could provide a
nondestructive means of process optimisation and control.

4. Introduction

Ceramic materials and coatings in the ekxtronics  and especially industrial sectors have had limited use
due to poor performance often caused by the manufacturing processes. These processes, machining,
coating heat treatment etc. impart regions of high residual stress and damage in the surfhce layem.
These in turn reduce the performance of the components, By optimizing the processing parameters the
stresses and damage can be reduoe~  improving the reliability. At present optimisation is established
through extensive ‘trial and error’ testing. This is expensive and inefficient and does not provide a
means of process control.

The partners, in this project recognised that aoeurate  Surf%ce Acoustic Wave (SAW) velocity
measurement techniques could address this limiting aspect of engineering ceramics and that the existing
methods required great care to achieve the necessary accuracy.

Initially only one system was envisaged but the range of surfhce  roughness presented by the partners
dictated that two systems were need~  one tailored for smooth surfaces, as required by the engineering
partners and one for the electronics components which are rougher as they are used as multi-layer
packaging materials.

For the engineering applications the continuous wave system operating at a frequency of 82MHz  at
Nottingham University, has been developed. The predicted measurement accuracy’s of 1 in 2000 have
been achieved and changes in VsAw of 15m/s  have been measured when high stresses have been applied
to the ceramic materials.

For the ekctronic  packaging materials, which constituted the rough surface samples, there was a
slightly different requirement in so much as an ineorning  inspection was required to ensure the
consistency of the supplied material. To inspect as much material as possible a low frequency was used
so that the wave wouId occupy as much of the hrun thick tiers as possible.

The programme succeeded in achieving the objectives and deliverables within budget,
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5. Technical Description

The following steps were taken to cieveIop the measurement system:-

●

●

●

●

✎✌✌  ✍
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5.1

Manufacture ceramic samples in materials chosen by the industrial users with low states of surl%ce
stress and ideal geometxy,  i.e. flat bars, and carry out sample validation exercise to ensure the
physical and optical properties of the chosen materials was well understood.

Desi~ build, and test a stressing jig to take the ideal samples and calibrate the strain (and hence
stress) induced in the bar for a given load in the jig, using X-ray diffraction.

Design, build, and test non contacting laser based SAW generation amd deteetion systems. Both a
continuous wave and pulsed C-MAW system were produced to cover the range of sur&ce finishes
required by the industrial partners.

Use stressing jig in conjunction with the C-MAW system and measure the surfhce acoustic wave
velocity ~sAW)  at different stress levels and determine the magnitude of the change of VsAw with
stress in the chosen materials.

Determine the applicability of this measurement method to the materials and components of interest
to the industrial partners.

Samples .-”

Ideal samples were defined in terms of materials, form and geomet~ and surface condition principally
to provide reference samples for the development of the C-MAW technique and for measurement and
calibration of surface stresses. In additio~ other ideal samples were specified for material
characterisation and validation, determination of optical characteristics, acoustic wave velocity
measurements and other purposes, Industrial samples were also defl.ned  to cover a range of materials
and components produce~  or under development by the partners and sponsors.

,/’

m‘x

All the ideal sampkx  used for the C-MAW system were specified to be supplied in the he ground or
lapped condition having a surfiwe roughness of less than 0.1 pm Rz However silicon nitride samples
with higher surfitce roughness up to 0.6 ~ Ra were also included to investigate whether the technique
could be applied to ground components. Highly polished surl%ces  were required for the determination
of optied characteristics and evaluation of material response to exposure to high intensity laser beams.

The hydraulic stressing rig designed and produced by IWT required large specimens to allow access for
X-ray beams under 4-point loading. These specimens were of the form of rectangular bars (150x IO x
3 or 5 thick). Different thicknesses were specified to give different sub-surfke stress gradients.

Since not alI materials of intere~ particularly ceramic materials, could be fhbrieated  into such large
specimens, a smaller stressing rig was also constructed to accommodate bars of 50 x 3x 3 or 5rnm.
This type of speeimen was similar to standard modulus of rupture test pieees used for determination of
the strength of ceramic materials.
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5.1.2. Sample validation

The following evaluation methods were used.

Metallographic  analysis

Ceramic Samules

Macro & Micro
X-ray phase a.mdyses
Harness, toughness, densi~ & surfiwe finish.

Steels !%.nmles

Micro
Hardness
Chemical composition

All %nmles

SEM (NMRC & T&N) Penetrant testing (SKF)

50MHz UST (whole bar) (RR) 200MHz UST (5mm2 stressed area)
(m

High definition radiography (RR) VLONG and VSHEAR measurements
(NMRC & RR)

Optical properties (NMRC) Mechanical testing, Rolling contact fatigue (SKF)
& Modulus of rupture (T&N)

Some of the tests were inappropriate ford the samples and so only the relevant ones were carried out.
The test method of some of these is given below.

5.1.3. Penetrant inspection

This was undertaken by SKF where the penetrant testing facilities have been developed especially for
ceramic materials and a high sensitivi~  for surface breaking flaws has been achieved using a now
standard fluorescent dye technique with microscope viewing. No defects other than minor edge
chipping, well away from the middle of the specimens, were observed.

5.1.4. 50 MHz ultrasonic inspection

This inspection is based on puIse/echo detection of internal reflectors using a focused 50 MHz
transducer. The focal length was 25 mm in water. This gives an inspection dep~ range of 2+5  mm in
SiN and SiC and each bar was inspected from the top (chtiered)  and bottom (flat) fiices.  The scan
system produces a x16 printout of each sample To ensure the same sensitivity was achieved barSS101
was used as a control piece. The number of indications found on each bar was recorded and their
position can be found by reference to the original scans, kept within the NDE Group at ~ Bristol,

5.1.5. 200 MHz ultrasonic inspection

This inspection was carried out to give an indication of the material imperfections in the near surface
region where the C-MAW measurements will be taken.

The acoustic microscope of the IWT was used in the reflective mode with ultrasonic frequencies of 100,
200 and 400 MHz. The acoustic images were obtained by horizontal lens scanning. On the samples
with low surface roughness pores were detected.

3
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No significant features were seen indicating these sampIes
programme.

5.1.6. High definition radiography

were of high enough quality for the

The inspection uses the X-Tek microfocus  x-ray, real time, system with a spot size of 5ym and is
sensitive to >lYo changes in component density. Magnification of up to x20 was used.

Each bar was scanned in two directions pe~endicula,r  to the axis of the bar and the position of each
indication noted. The size of the indications was established using a 320pm wire strapped to the
sample. The results and X-ray images have been kept at the RR NDE group Bristol. The Iargesi
indications were seen in Bar SS 102 at 120pIn.

5.1.7. VLONG  and “VSHEAR  measurements

An” Olympus UH3 scanning acoustic microscope, with 50 MHz lens of 14° half aperture was used for
mechanical property determination and imaging. The longitudinal and shear wave velocities have been
measured and the SAW velocities for the materials calculated. Young’s modulus and Poisson’s ratio
have also been calculated for each sampIe from this data.

These values were found to be high for the materials and a repeat measurement was made using a
different method  developed at RR. This technique requires a shaped aluminium wedge to be glued to
the sample and ti incident ultrasonic beam is reflacted  at the wedge to produce either a normal incident,
shear or longitudinal wave onto the sample,

m’ , , # ,

Repeat ethos of
normal fncident shear waves

-.

l“
Fig 1 Typical signals for shear velocity measurement

5.1.8. OpticaI  characterisation

The optical characterisation samples were polished on one side to optical smoothness. The samples
ranged in colour from white (A.1203)  through a mixture of greys and yellows (Zr02) to black (Si3N4).
Variations in colour across some of the samples indicated poor mixing of the constituent phases.
Spectroscopic eIlipsometry  studies have been carried out on the samples to determine their optical
properties. The SE studies permit the measurement of the refractive inde~  n and the dielectric constim~
k of the samples as a fimction of wavelength and hence, the reflectivi~  and the absorption coefficient at

4
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specific wavelengths i.e. pulse and probe laser wavelengths. The SE spectra have shown interesting
variations according to sample phase, preparation and composition. Each spectrum rdso contains the
information necessary to calculate the reflectivity and absorption coefficient. for the sample at the probe
and pump wave~engths  of 633 and 532nm. The recorded spectra are presented in the appendix and
indicate some interesting results, especially in relation to the silicon carbide whisker reinforcement of
silicon nitride, Sample CDL is Si3N4, sample CMC is Si3N4 with SiC whiskers and sample CVD is
SiC. An increase in the value of n with increasing SiC content is apparent. Fourier transform infra-red
spectroscopy analysis was applied to these ceramic samples to investigate the inffa-red reflectance
spectrum in the wavelength range 2-25 pm. Spectra for u and ~ phase SiN presented in Fig 2,

The difference between the spectra of a and ~-silicon  nitrides is marke~  especially in the 10 and 17 pm
regions and shows the FTIR technique to have considerable potential as a non-destructive technique for
ceramic phase amdysis,

,.
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Flg 2 FT-IR pectra  for a-(broken  line) and fl-(unbroken  line) phase silicon nitride ceramics

5.2.1. Design and manufacture of stress generation jigs

Two 4 point bending jigs using a hydraulic force for the loading and a large bar sample (150x 10x 5)
were built. The hydraulic load was controlled by a PC, which enabled an automatic check of the
bending load during use. Two smaller hand operated jigs were also built to enable the smaller samples
to be evaluated.

)

@
\k The strain generated in the samples was measured using X-ray diffi-action  and calibration curves

produced for the ideaI samples.

5.2.2 X-ray diffraction

The X-ray diffraction exarninations  for the steel samples have been executed by a computer controlled
ydffiactometer  with vanadium iiltered Cr-Kcz-radiation.  The interference line of the a-iron {21 l}-
lattice pkme was measured with a step size of 0,1° in 2@ for an interval of 2@ = 10° and a measuring
time of 3 sec per step. Lattice strains were determined for ~ angles= 0°, +7°, +20°,  +30°, +40°,  +45
after a linear lattice strain distribution against sin’~ was proved. The SinzqJ  method with macroscopic
elastic constants were used for the residual stress determination. The penetration depth of Cr-Kct-
radiation into steel is about 5 pm for sinz~  = 0.3.

For the ceramic specimens a suitable interference line for residual stress measurements was chosen after
a phase analysis. The interference line of the Si3N4 {411} and {510} -lattice planes were measured
with a step size of 0,050 in 2@ = 2° and a measuring time of 10 seconds per step. Residual stresses are

5
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calculated from lattice strains at ~-angIes  discussed above using X-ray ekwtic constants of % S2 = 4 x
IO-6 nrm2/N.  A ~ical  calibration Iine is shown below:-

400 : ——[

.200

I I

o 100 200 300

bending load stresses (N/mmz)

Fig. 3 SampIe  SS1 11, X-ray measurements of total stresses v bending stresses

5.3.. Laser SAW system

5.3.1. Detection

As the generation and detection systems were being deveIoped in pardel  SAW devices were used to
evaluate the detection designs in the early stages of the programme. A number of interferometer designs
were investigated including direct and indirect hetrodyne systems. The system chosen for both the
puIsed and CW instruments was the stabilised homodyne intetierometer  which requires no extra signaI
processing and the wideband signal from the SAW pulses can be recorded directIy  from the
interferometer output,

To avoid the complexity of the heterodyne  interferometers, a homodyne interferometer has been
constructed, as shown in Fig 4, Mter passing through an optical isolator the light passes through the
beamsplitter  onto a Wollaston  prism where the two orthogonal polarisations are split in angle so that
they focus on adjacent points on the sample. These two beams are then reflected back through the
syste~  with their polarisation so adjusted that beam A intetieres  with RA and B interlleres  with RB,
whose outputs are detected at DA and DB respectively. The system thus operates as two
interferometers in parallel. The output signal from detectors DA and detectors DB contain a fixed level
output resulting from the maintenance of the interferometers at the position of best sensitivity with a
small perturbation superimposed which arises when the surface acoustic wave passes under the
corresponding probe beam. This homodyne configuration is particularly suitable for pulsed surface
waves since no extra hardware signal processing is required for wideband signal l?om the pulses maybe
recorded directly from the intefierometer output. The IWO probe beams provide differential
measurements of the delay time which can greatly eliminate the timing jitter due to amplitude
fluctuations and to give very high accuracy of measurement in the velocity change, up to 1 part in 104.

6
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M: Mirror
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I

L

Fig 4 Detection configurations of the dual beam SAW measurement system

Since the intetierometers are homodyne  the sensitivity to displacement varies sinusoidally, it is thus
necessary to maintain each beam operating at a sensitive point. To do this, a fmdback control has been
implemented in order to lock the sensitivi~ of the interferometer to its highest level. A portion of the
output signal from the each arm is deteeted by deteetors DA and detectors DB respectively. The low
pass filtered output from each of these detectors is then fed into a comparator, which compares the
output with a reference value so that deviations from the desired level are fed back to the respective
piezo pusher, thus correcting the phase of the referenee  beam so that a fixed operating point for the
system is maintained. The extraction of the SAW velocity information is petiormed  on a PC using
MATLAB for the CW system,

5.3.2. Errors in SAW measurement

The principal limitation in the measurement of absolute veIocity is the accurate determination of the
probe separation. This has been measured by scanning a knife edge across the two probes and
determining the separation from the transition, this gives an uncertainty of approximately 1 part in
1000, This is acceptable since we are eoncemed prirnari~y  with measuring changes in SAW velocity.
If, however, we wished to iiu-ther enhance the absolute accuracy a fringe counting interferometer ean be
attached to the scan stage.

For our applications relative changes in velocity are of fhr more importance than absolute velocity
measurement. The factors that lead to uncertainties in the relative velocity measurement relate the
possible errors in the timing between the two probes. One instrumental source of such an error is the
jitter inherent in the digital oscilloscope. This was tested by inputting two identical (noiseless) 82MHz
sinusoidal signals into each channel of the digital oscilloscope and measuring the apparent delay over a
series of measurements, The RMS value of this uncertainty was found to be 3ps.

One fimdamental  source of error whose ultimate lit is set by the signal to noise of the SAW detection
process is timing errors caused by variation in SAW amplitude. In order to relate the timing error to the
input S/N ratio a series of computer simulations were performed. Atone burst with a Gaussian envelop
was added to randomly generated noise so that the input S/N ratio could be varied. The resulting
signals plus noise were then passed through the proemsing algorithm so that variation in the measured
delay between the two signals could be calculated. The timing uncertainty as a fi.metion of input signal
to noise ratio was calculated to be 8ps on a S/N ratio of 12.5 dB

Another possible source of error that was identified related to the variation in the output power of the
laser between pulses. This means that setting the trigger to a fixed Ievei  translates to timing jitter of the

7
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trigger point because the time that a puIse reaches a particular level is determined by the ultimate height
of the pulse. lf the time between excitation of the pulse and detection by a single pulse was used this
would be a very severe source of error, In the two beam coni5gurations we use here the effect is Iargely
eliminated because the system measures the time delay between the probes so that the timing jitter due
to amplitude fluctuations is common to each beam.

Another source of error relates to the variation in ambient temperature. Clearly temperature variation
afYects  the actual sound velocity of the wave propagating through the sampIe (by typically MS per
degree K), moreover the change in tempemture will alter the separation of the probes, reliable
measurements are thus clearly achieved when the temperature is stabilised. Table 1 gives measured
velocities on a sample of silicon nitride as the ambient temperature is varied. The results indicate the
excellent stability of the system when the temperature is stable.

If the temperature is stabilised and the jitter errors are uncorrelated  we may expect an RMS timing error of
=8.5ps, for a beam separation of 1. lrnm this corresponds to an uncertainty in reIative  velocity for silicon
nikde with a nominal SAW velocity of 5800m/s  of approximately 0.26m/s  or one part in 20,000.

Table 1 SAW velocity variation with temperature drift.-

0 Temperature (°C) SAW veIocity Remarks
during measurement (ins-l)

,
24.9 -25.4 5675.3 Heaters are used to
26.3 -26.4 5678,6 increase the room
27.9 -28.2 5672.3 temperature
28.9 -29.1 5668,3
26.0 -26.3 5671.4 No heaters
25.7 -26.4 5671.6
25.9 -26.3 5670.6
25.7 -26.0 5671.6

5.3.3. Sensitivity of interferometer to surface displacement

An experiment assessing and demonstrating the pulsed SAW detection displacement sensitivity was
carried out by driving the piezo stack on which the refkrence  mirror was mounted with a sinusoidal

6 ’01~ ‘ f  ‘* ‘P’ihde”
The amplitude of the piezo extension was calibrated and carefidly

. momtored.  The piezo extension coefficient is 0.15 @. The sensitivity of the interferometer to a
calibrated displacement of between 10 and 400 nm was measured in the first calibration experiment.
This experiment was repeated for the small-displacement regime and shows the interferometer to be
sensitive to displacements of the order of 0.2 nm.

5.3.4. Generation

M possible methods for non-contact laser generation were reviewed and two systems were built.

5.3.5. Moving fringe generation

The modulation of a laser beam maybe achieved by interfering the Oth and Ist order beams coming out
of a Bragg cell (Fig.5). The interference pattern occurrhg  on the sample surfhce will appear as moving
gratings. With the angle of incidence at the sample carefully chosen so that the intetierence iiinges
formed on the sample surfhce matched to the SAW wavelength of the sample, efficient generation of
SAW on the sample should be achieved whilst spreading the heating to avoid damage of the sample,

8
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The advantage of this method is that the frequency of SAW generated is dependant on the optical
configuration and therefore variable

laser Beam Bragg

source expander Ceil
x3

Green 532nm
w
Qrl W :B2

B1

Spectrum
A&lyser

q

●
Fig 5 Moving fringe generation CDJ‘1SAW device

—
To determine the effectiveness of this regime it was tried on a lithium niobate  SAW device whose

, sufice was painted black for maximum absorption. The light source used was a frequencydoubled
NdYAG laser with a wavelength of 532 nm. The Bragg cell is driven by a signal at 103.5 MHz. At
this driving frequency the angular separation between the Oth and the 1st order beams is approximately
5 degree. The rf power into the Bragg cell is adjusted such that the Oth and the Ist order beams are of
equal optical power. The two beams are directed by txvo mirrors onto the SAW device to generate the
required moving grating. The angular separation between the two incident beams has been estimated to
be 0.802 degree in order to match the SAW wavelength of lithium niobate  (38 pm). The gratings and
the corresponding SAW generated by them will move unidirectionally on the sample. With the cufient
setup SAW signal of signal-to-noise ratio up to 20B was observed.

5.3.6. Q switched mode Iocked  generation

The Nd:YAG laser has been modified so that it can operate in Q-switched and mode-locked modes
simultaneously. This means that the output of the laser consists of tone burst of high power pulses.

,/’

Q
The tone burst has a repetition rate adjustable between 10 Hz to 30 KHz. In our experiment a repetition
rate of 1 KHz has been chosen because this gives the highest peak power. with each tone burst there are
33 narrow laser pulses which are approximately 400 ps wide and their repetition rate is 82 MHz. As
shown in Fig 3.4.4.1 the Nd:YAG (pump) beam is focused into the sample surface to form a line 5 mm
in length and 15 pm in width using a cylindrical lens. This leads to the generation of surf&e acoustic
waves in the form of tone burst, The existence of such wave on a silicon nitride sample as been
confirmed by observing the corresponding received electrical signal from a wedge transducer mounted
on the sample surfiice.

Fig 6 Q-switched, mode-locked
laser generation system

Q- switched, mode locked

um
z
&

s
$
g

!3
L 1
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5.3.7. Optimum generation scheme

The principle of moving fringe generation of SAW waves has been demonstrated. This single frequency
CW system can provide high accuracy of velocity measurement. However the small angles required for
the two beams and the invisibility of the pump laser make the alignment of the system very di.flicult. In
addition it requires a large average power compared to a pulsed system in order to generate measurable
surface wave amplitudes, this will result in considerable background (DC) heating over the sample. On
the other Imn& in order to recover an accurate velocity measurement from a pulsed system it is
neeessruy to extract the component in a very narrow band, this means that only a small fraction of the
energy is sued in the measurement. This problem beeomes  increasingly severe as the frequency is
increase~ since the lower ultrasonic frequencies are excited more efficiently than higher frequencies.
The peak optical powers on the surface are therefore very hi~ so although the DC heating is
_=ble, -e can result horn a high powered singIe pulse.

The Q-switch mode locked laser system which combines the advantages of both continuous wave and
pukd systems can provide the solutions to generate high peak power pulses without damaging and
sample and maintain a high measurement accuracy. It was thus determined that the Q-switch mode
locked laser system shouId  be used.

As a means of fiu-ther  increasing the SAW wave amplitude zone plates were developed to produce a
curved generation line to focus the SAW as it propagates along the suri%e.

5.3.8. Pulsed SAW generation system

For the pulsed C-MAW system the pump laser was a pulsed Nd:YAG laser operating at fimdatnental
and 2nd harmonic wavelengths of 1064 and 532 mn respectively with a temporal pulse width of 7 nsec.
The SAW pulse is generated by the thermo-ekistic  efftxt of the her puIse. The laser beam is focused
to a line shape on the sample surface using a cylindrical lens. This laser beam geometry was seleeted
for two reasons: firstly, it enables a greater amount of laser energy to be coupled into the kample
without reaching the ablation damage threshold of the material, and secondly, an acoustic Ike source
leads to lower acoustic energy dissipation in the direction of propagation normal to the Iirie where the
detection probes will be. A small fi-action  of the laser beam is sampled and the pulse to pulse energy
stability of the laser is thus monitored so that variations in SAW amplitude arising from any such
instability ean be compensated for. The setup is similar to the CW system in Fig. 6.

5.3.9. Prototype CW SAW Measurement system

The all-optical SAW generation and deteetion  system is shown in Fig 7. In our experiment repetition
rates of 1-5 KHz of tone bursts have. been chosen because these give the highest peak power. Within
each tone burst there are 33 narrow laser pulses which are approximately 400 ps wide and their
repe@ion  rate is 82 MHz. As shown in Fig 3.6.1,1 the NdYAG (pump) beam is focused into the
sample surfhce  to form a line 5 mm in Iength  and 15p.m in width using a cylindrical lens. For the
opticrd  deteetion of the surface waves, a dual probe system has been constructed with two homodyne
intetierometers  in parallel. A f~back control has also been implemented in order to lock the sensitivity
of the intefierometers  to their highest level, Atypical SAW signal detected is shown in Fig 8.

5.3.11. Prototype pulsed SAW Measurement system

Following the demonstration of the laser generation of surface acoustic waves on the SAW deviees  , and
the measurement of the sensitivity curve of the SAW detection interferometer, the two systems were
integrated into a single experimental set-up. The first part of this task was to design the opto-
mechanical emfiguration  of the integrated prototype. Key issues included the access of the pump beam
to the sample under test, as well as working distance and positioning of focusing lenses. These issues

10
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were resolved and a working prototype assembled. Evaluation of the complete system in the new
configuration was then carried out. The first generation and detection of acoustic waves with the
integrated optical system was on a silicon wafer. The recorded waveform is shown in Fig 9. The
acoustic wave shows the classical Lamb wave shape due to the thickness of the wafer (0.5mm) and the
centre frequency of the generated acoustic wave (=1 MHz).

I inpkmeofpa~

c normal  to paper

M: Mirror

L: lens

W: Wollaston

Fig 7 Diagram of the complete CW surface wave measurement system
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6. Results

6.1. Measure SAW velocity in ideal sampIes at different states of stress

The main task of the CW system was to demonstrate the effect of stress on VSAW and measurements
were petiormed  on silicon nitride and steel samples with dil%erent  states of stress using the stressing
jigs. The results are shown in Fig 10. for SiN . The measurement on a steel sample (A2M2) is shown
in Fig 11.

, k 4
15 - 1 I 1

z
gdient=O.05668(m&MPa)

-E
o

S’O
z
~
c.-

x..

*

‘:;/, ” , , -
100 150 zoo 250 300

stress (MPa)

‘ Fig 10 Experimental curve of SAW veIocity  on ceramic sample SS94 v applied tensile stress.-
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Fig 11 Experimental curve of SAW velocity on steel sample v applied tensile stress

6.2 Evaluation of pulsed laser system

The steel and ceramic materials specified and fabricated by the partners were examined and SAW
velocities were measured using the hardware and software developed. The waveforms recorded on the
ahnninium sample show the SAW at a delay of 5~s from the generating pulse. The separation between
puIse and probe beams was 2.5cm giving a value for the SAW velocity of s5000  ins-l. (Compares
with a textbook value of 4920 ins-l). This experiment was  repeated at a range of incident pulsed  laser
powers horn 10 to 50 mJ. This range incIuded both the ablation and sub-ablation regimes as shown in
Figs 12~b &c where the change in acoustic wave shape is characteristic of the transition between the
two regimes.
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Experiments with ahunina  and silicon nitride using the integrated system have demonstrated the laser
generation and detection of acoustic waves on ceramic materials. Signal processing algorithms were
developed for improving the S/N ratio of the captured SAW trace. In particular, subtraction of the

baseline trace which shows electrical and optical intefierence  due to the pulsing laser from the recorded
sigmd which exhibits the same masking noise enabled a dramatic improvement in signal.
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I Fig 14 ~ bdl c Plots of acoustic waveform on aiuminium  at different incident laser energies. The
onset of ablation is marked by a change in puIse shape, where the pulse goes leading edge negative
to positive

6.3. Pulsed V~AW on ideal samples

Low temperature co-fired ceramics are increasingly used in microelectronic packaging applications
because of their, thermal expansion match to silicon, their excellent diekctric properties an~ in line with
other ceramics, their structural and high temperature properties. SAW waves were generated and
detected on samples of boro-silcate  glass doped with ahuniniurn  and” caicium and LTCC with Zinc,
Barium and Cobalt additives. A comparison of the traces shows that the velocities show significant
variations (3187 ms- 1 for the A1/Ca  doped sample, 3100 ins-l for the Zn/Ba/Co  doped sample). These
differences can form the basis of a rapid inspection system, The velocity of SAWS generated on a set of
silicon nitride samples has also been measured as part of the mechanical testing exercise.
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6.4. Bench marking of C-MAW instruments

In benchmarking the instrument, a detailed comparison of the SAW velocity measurements made using
the C-MAW pulsed and CW probes has been undertaken to ensure that both instruments are giving
reliable data. Measurements have also been made on a series of samples which have been analysed  as
part of the sample validation. Table 2 details the V~AW measurements made on project samples and a
comparison of velocities measured by both C-MAW systems and the accurate Vz methods used at
Otiord University. These results show that the newly developed non-contacting method gives similar
values to the best practice Vz technique, without the need for extreme controls.

Table 2 Table of SAW velocities recorded by NMRC, U of Nott and U of Oxford

Sample code NMRC Nottingham U Oxford (Vz)
SS20 5537 5524.2 5522.7
SS30 5522 5543.1 5543.9
SS40 5784 5797.1 5783.9
SS50 5767 5773.5 5763.0

One of the large stress calibration silicon nitride sampIe (SS82) was exposed to the ND:YAG high
power laser at fulI, 1/2 and 1/4 power settings. The Iaser track at fill power was clearly visible, but the
other two tracks did not show up under ultraviolet illumination after processing with fluorescent
penetrant. It can therefore be concluded this is a truly nondestructive technique when operated at low
power levels which still give accurate measurements.

6.7. Linking VSAW to mechanical properties
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Fig13  VSAW v MOR for bars manufactured at 1400 ‘C
6.9. Conclusion to MOR tests

The results in Fig 14. show a trend in the expected direction but the size of the change in VSAW is much
greater than the stress calibration work would suggest, The material is known to have a low Weibull
modulus to its mechanical test results and a variable consistency. The VSAW results probably indicate a
greater sensitivity to this variation than previously seen in the more consistent material used for the
stress calibration tasks.
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7. Conclusions

The following conclusions have been made:-

1. The change in VSAW with stress is measurable and repeatable. A change of 12m/s  is
seen in silicon nitride bars when a stress of 300MPa is applied. The norn.imd velocity is
5586m/s

2. Hi& single frequency (82MHz)  SAW generation was demonstrated to be a
praetieal  method, using a tone burst system. Tone burst generation is preferred to fill
CW as reflections from edges and ends ean be avoided using time gating.

3. CW generation is possible using the moving grating metho~  and different
frequencies ean be achieved. The amplitude of the SAW generated is too low for non-

contact detection

4. VSAW and best practice Vz measurement accuracy’s were demonstrated as
comparable using both the CW and pulsed VSAW systems.. .

●
5. The pulsed C-MAW system em accurately measure the velocity and attenuation of
SAWS propagation over short (2mm) and long (40mm) distances on ceramic substrates,
and is being used to characterise these materials.

6 The CW C-MAW system em accurately measure velocity and attenuation of SAWS
over short (< lmm) and long (>50mm on spheres and cylinders) distances on samples
with good surface finishes (O. 1pm)
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